This note uses a published protocol to evaluate a newly released 6 degrees of freedom electromagnetic tracking system (Aurora, Northern Digital Inc.). A practice for performance monitoring over time is also proposed. The protocol uses a machined base plate to measure relative error in position and orientation as well as the influence of metallic objects in the operating volume. Positional jitter (E RMS ) was found to be 0.17 mm ± 0.19 mm. A relative positional error of 0.25 mm ± 0.22 mm at 50 mm offsets and 0.97 mm ± 1.01 mm at 300 mm offsets was found. The mean of the relative rotation error was found to be 0.20
Introduction
Newer generations of electromagnetic tracking systems (EMTSs) show considerable improvement with respect to accuracy and sensor size as a result of new hardware design, new position and orientation calibration algorithms (Frantz et al 2003 , Kirsch 1997 ) and error correction (Ikits et al 2001 , Seiler et al 2000 , Muench et al 2004 .
The most serious problem with the clinical use of an EMTS is the error caused by nearby metallic objects (Birkfellner et al 1998) . In addition, the sensor diameter must not exceed 2 mm to fit into the working channel of an endoscope or a guide wire; this limits accuracy.
The Aurora (Northern Digital Inc., Waterloo, Ontario, Canada) system has sensors small enough to satisfy the size requirements: the sensor offers the full 6 degrees of freedom (dof) and its diameter is 1.8 mm.
For evaluation of EMTSs we developed an easily reproducible measurement protocol which has already been used to evaluate other EMTSs such as the microBird and the older The sensor mount, which fits into adjacent pairs of grid holes in the measurement plate. The sensor (a) is mounted and fixed into a hole on the opposite side of the pins for position measurements (labelled with POS (axial) and rotation measurements (ROT 1). nu was not used.
prototype of the Aurora (with tetrahedron emitter and five dof sensor) (Hummel et al 2005) . Schicho et al (2005) also presented an evaluation of the latter system using a different protocol. For our standardized protocol a polycarbonate plate was designed to allow the positioning of sensors at known relative distances and orientations within the working volume. Use of the plate enables a clear distinction between errors resulting from position and orientation. In addition, sensor jitter measurements allow the definition of a sensitive operation volume for given accuracy requirements. Distortion error is measured by introducing fixed samples of different materials commonly found in the operating room.
The plate was also used for performance monitoring. As shown in the result section, a significant decrease in the tracking system accuracy over a two-year period has been observed, which is attributed to mechanical stress such as shock and thermal wear. A simple performance metric was developed in order to verify system performance.
Materials and methods
The 550 × 550 × 14.7 mm polycarbonate plate shown in figure 1(a) is straightforward and inexpensive to manufacture in a conventional machine shop with a tolerance of 10 µm. It covers the whole range of the sensitive volume in a certain plane. A 10 × 10 grid of holes spaced 50 mm apart is used for position measurement. The grid is labelled with an x and y axis for easy identification of positions. In the centre a circle of 32 holes spaced 11.25
• apart at a radius of 50 mm enables the accurate measurement of rotation. A detailed description of the experimental setup can be found in Hummel et al (2005) .
The measurement plate and the emitter of the tracking system were rigidly attached to a non-metallic table. The sensor was fixed in a mount, shown in figure 1(b), with pins that fit into adjacent pairs of holes in the base plate. At each location a ten-second continuous stream of position and orientation measurements was recorded.
Jitter error, calculated as the root mean square (E RMS ) error of the position vector and the scalar mean rotation angle respectively, was calculated at each sensor position. The relative position error was calculated by comparing the Euclidian distances between the mean reported sensor locations to the known physical distances between sensor positions on the base plate, for all adjacent position pairs. Cumulative row distances were measured between the first position in each row (i, 1), i ∈ {1, . . . , 9}, and the other column positions (i, j ), j ∈ {2, . . . , 10}. Errors were plotted as a function of distance and depth, or row.
To evaluate the distortion error caused by metallic materials, the change in the sensor's reported position was measured when samples of distortion-causing material were placed in a set of fixed positions relative to the sensor. The sensor was fixed at a distance of 360 mm in front of the emitter. Cylinders of 300-and 400-series steel (SST 303 and SST 416), aluminium, and bronze were used, each 50 mm long and 12.7 mm in diameter. Their volume is similar to typical objects found in clinical environment. These cylinders were placed at 20 locations between emitter and sensor and 3 locations beyond the sensor (see figure 5(a) ).
Performance monitoring measurements
The measured distances from grid positions (i, 5) to (i, 1) and (i, 9), i ∈ {1, 5, 9}, were recorded. For these measurements our 5 dof Aurora tracking system with the hemispheric emitter (from now referred to as 'predecessor system') was recalibrated and the results were compared with data published in Hummel et al (2005) . 
Relative Distance Error

Results
Error in position and orientation
The mean jitter (E RMS ) was found to be 0.17 ± 0.19 mm. Figure 2(a) shows E RMS as a function of position. X and Y indicate the position on the plate as defined in figure 1(a) . The detailed results for the accumulated distances (50, 100, . . . , 450 mm) are shown in figure 2(b) . The error is proportional to the measured distance. The results for the relative error in position are shown in figure 3 . Results with the predecessor system are plotted as circles. The error between measured and true distances increases with distance from the emitter.
The relative rotation error is shown in figure 4 . To enable two different rotation geometries relative to the emitter, the sensor was mounted into holes POS (axial) and ROT 1 (see figure 1(b) ). The average axial (absolute) error amounted to 0.20
• ± 0.14 • . In the case of the longitudinal rotation the mean (absolute) error was 0.91
Assessment of a new electromagnetic tracking system 
Metallic distortion
The largest distortion was that caused by the SST 416 sample when it was closest to the emitter. Figure 5 (b) shows the measured position distortion caused by the various samples. The systematic error is smaller when the rods are further from the emitter than the sensor. Bronze and aluminium do not cause significant distortion. These results do not show significant improvements with respect to SST 416 (ferromagnetic) compared with the predecessor system where the maximum error was 2.8 mm when the rod was placed close to the sensor. Table 1 summarizes the six distance errors comparing the recalibrated predecessor system with data published in Hummel et al (2005) . The maximum error is substantially reduced following recalibration.
Performance monitoring measurements
Discussion
The new Aurora system with the 6 dof sensor and flat emitter improves accuracy and reliability significantly. Compared to the results obtained with its predecessor using the same standard protocol (Hummel et al 2005) , relative distance errors were reduced by a factor of 3. The only drawback is a slightly higher jitter error (17 mm compared to 14 mm). This could reduce the working volume if a minimum level of accuracy is required. Distortion caused by SST 303 is small by comparison with direct current (dc) systems.
Conclusion
Our standardized protocol is easily implemented and provides results essential for evaluating an EMTS. Future EMTS developments can be assessed and compared by others using this evaluation protocol. Furthermore, it can be used for performance monitoring which turned out to be necessary.
